INTRODUCTION
Basement membranes (BMs) are planar complexes of extracellular matrix (ECM) proteins underlying epithelial and endothelial tissues, and surrounding muscles, nerves, and adipocytes [1] . Apart from providing structural support to tissues, BMs are increasingly understood to play important active morphogenetic roles [2] . The main component of BMs is Collagen IV, a heterotrimeric protein formed by three a chains, which is present in all metazoans [3] . Each type IV Collagen chain contains a long triple-helical collagenous domain consisting of numerous GXY triple-helix repeats, an N-terminal 7S region, and a C-terminal non-collagenous NC1 domain [4] . Collagen IV trimers assemble into a sheet-like network through the interaction of the NC1 regions from two trimers, associating to form higher-order dimers, and 7S regions on the opposing end forming tetramers [5] . Besides Collagen IV, the widely conserved ECM proteins Laminin, Nidogen, and Perlecan are also considered to be necessary components of all BMs [6] . Multiple interactions among BM components have been described. However, it is not known how these interactions determine the assembly of BMs into thin sheets, usually less than 100 nm in section, instead of irregular aggregates. Furthermore, it is also unknown whether these components can organize into alternative structures different from BMs.
The fruit fly Drosophila melanogaster has strongly emerged in recent years as a convenient model for studying the biology of Collagen and the ECM. Compared to the 28 types of Collagen found in mammals, Drosophila lacks fibrillary types and possesses instead a reduced complement of Collagens consisting of BM Collagen IV and Multiplexin [7] . Expression of Multiplexin, related to Collagens XV and XVIII, is restricted to the heart and central nervous system and is dispensable for viability [8] . An additional ECM protein, Pericardin, might be related to Collagens and is found only in the heart [9] . Collagen IV, in contrast to Multiplexin and Pericardin, is very abundantly present in all fly tissues and essential for development. Drosophila Collagen IV is an obligate heterotrimer composed of a chain Collagen at 25C (Cg25C, a1 chain) and Viking (Vkg, a2 chain) [10, 11] . Therefore, although six different Collagen IV chains (a1-a6) exist in humans and mice [4] , only two chains and one kind of trimer are found in Drosophila, which makes the analysis of Collagen IV function much simpler in flies.
Attachment of cells to BMs and other types of ECM requires cellular matrix receptors. The relation between the ECM and its cellular receptors is often bidirectional, with receptors nucleating ECM assembly and becoming in turn concentrated where ECM is present [12] . Integrin ab transmembrane heterodimers, widely recognized as the main animal ECM receptors, are known to bind both Laminins and Collagens [13] . The Drosophila genome contains five a Integrin subunits (a1-a5) and two b Integrin subunits (bPS and bn) [14] . Components of the Integrin adhesion complex are also conserved in flies, such as Integrin-linked kinase, Talin, and PINCH (particularly interesting new cysteinehistidine-rich protein). Frequently associated with Integrins are Syndecans, which are transmembrane heparan sulfate proteoglycans [15] . Because of the mild phenotypes Syndecan knockout mice display when compared to Integrins, Syndecans are thought to have supporting roles as coreceptors or ligand gatherers [16] . Whereas four Syndecan-encoding genes are found in mammals, only one is present in Drosophila [17] , its loss affecting axon guidance [18, 19] , tracheal migration [20] , and heart morphogenesis [21] . Recently, loss of Syndecan in the fat body (insect adipose tissue) has been reported to alter adult metabolism [22] . However, the cellular role of Syndecan and the specific mechanisms by which it affects adipocyte physiology remain to be determined.
In the Drosophila larva, the adipocytes of the fat body are known to produce abundant Collagen IV, which is secreted into the hemolymph (insect blood) and deposited in the BMs of larval tissues [23] . The insect fat body, like its mammalian counterpart, has essential roles in energy storage and metabolic regulation. In flies and humans, adipocytes are mesodermal cells that despite their non-epithelial nature are capable of tightly associating to form true tissues. In the case of flies, adipocytes in the larva are large polyploid cells of various polygonal shapes that form a single continuous monolayer inside the body cavity. This organization is similar to that of the adipose tissue of mammals, distributed over multiple subcutaneous and visceral depots in which adipocytes are arranged in a hexagonal packing resembling honeycomb [24] . Neither the mechanisms that maintain adipose tissue architecture nor the functional significance of this architecture are well understood. Matrix metalloproteases have been implicated in the destruction of the fat body during Drosophila metamorphosis [25, 26] , which clearly points to a role of the ECM in the morphogenesis of this tissue. However, no detailed knowledge of ECM structures and their contribution to tissue-level organization and physiology of the fat body exists to date.
In this study, we present the finding of an intercellular non-BM Collagen IV structure in fly adipocytes. Our observations and experiments indicate that intercellular non-BM Collagen IV concentrations serve a structural cell-adhesion role to maintain adipose tissue architecture, as well as a signaling role in promoting growth and preventing autophagy through an Integrin-SrcAkt pathway.
RESULTS

Collagen IV Intercellular Concentrations in Drosophila Adipocytes
Fat body adipocytes of the larva, mesodermal in origin, are organized in a continuous tissue monolayer despite lacking an epithelial organization ( Figures 1A and 1B) . In addition to the BM around the tissue, we observed strong punctate Collagen IV signal in the fat body of larvae expressing a functional GFPtrap fusion [27] of the a2 chain Vkg ( Figure 1C ). Given that Collagen IV is regarded as a BM-exclusive ECM component, we were intrigued by the existence of these Collagen-IV-containing structures and set out to characterize them in further detail from both cellular and functional perspectives. These Collagen IV punctae, which we named CIVICs (Collagen IV intercellular concentrations), localized at adipocyte cell contacts and seemed discontinuous with the BM. 3D reconstruction from stacks of confocal sections revealed that CIVICs took varied shapes and sizes, the largest ones frequently adopting the shape of elongated, fusiform, or cuneiform plaques ( Figure 1C 0 ). Transmission electron microscopy (TEM) and immuno-EM showed that CIVICs, although similar to BMs in apparent density, were lenticular in section and thicker than BMs (Figures 1D and 1E ; Figure S1 ). TEM additionally confirmed the discontinuity of CIVICs with the BM surrounding the tissue and close association with the plasma membranes of contacting adipocytes. Similar to BM-plasma membrane contacts, no electron-dense structure seemed to associate with the cytoplasmic side of plasma membrane contacting CIVICs.
To ascertain the cellular origin of CIVICs, we resorted to iGFPi (in vivo GFP interference) using the Vkg.GFP protein trap [23] . iGFPi-mediated Vkg.GFP knockdown in clones of fat body adipocytes revealed that Collagen IV present at CIVICs originated in the cells directly contacting them, as Vkg.GFP was not present in CIVICs located between cells where iGFPi was induced ( Figure 1F ). This was in contrast with the BM contacting iGFPi cells, where Vkg.GFP signal intensity did not change. This result indicates that Collagen IV at CIVICs originates in immediately adjacent cells, whereas Collagen IV in fat body BMs is likely deposited from a common pool of soluble Collagen IV in the hemolymph.
CIVICs Mediate Inter-adipocyte Adhesion
To study the functional significance of CIVICs in the fat body, we knocked down expression of Collagen IV in this tissue. Both Cg25C and vkg, encoding the a1 and a2 chains of the Collagen IV trimer, respectively (Figure 2A ), are essential genes for which mutant alleles and early knockdown produce embryonic lethality. To circumvent embryonic lethality, we restricted GAL4-driven knockdown of Collagen IV to larval stages using the thermosensitive GAL4 repressor GAL80. When we knocked down in this way larval fat body expression of vkg ( Figure 2B ), Cg25C ( Figure 2C ), or both simultaneously (Figure 2D) , we observed intercellular gaps in the normally continuous adipose tissue layer (see Figure S2 ), indicating defective intercellular adhesion (quantified in Figure 2G ). Gaps were found in bicellular contacts, partially or completely separating adjacent cells, and also in the vertices of tricellular contacts, where retraction of membranes resulted in the affected cells acquiring a rounded morphology. Gaps were found as well when we overexpressed BM-40-SPARC (secreted protein, acidic and rich in cysteine) ( Figure 2F ; quantified in Figure 2G ), a Collagen-IV-binding protein affecting Collagen IV solubility [23] and for which overexpression has been shown to reduce incorporation of Collagen IV into BMs [28] . These results show that CIVICs are required for adipocyte intercellular adhesion, revealing a function of non-BM Collagen IV in adipose tissue organization.
Other BM Components at CIVICs Do Not Affect Interadipocyte Adhesion In order to explore the similarities and differences between CIVICs and BMs, we examined in the fat body the localization of the three other major conserved components of BMs, namely Laminin, Nidogen, and the heparan sulfate proteoglycan Perlecan. By imaging fat body from larvae expressing fusions with fluorescent proteins of the common b chain of the Laminin trimer (LanB1), Nidogen (Ndg), and Perlecan (Trol), we found that all three localized to intercellular concentrations ( Figures 3A and 3B) , the same as Collagen IV, suggesting that CIVIC composition is similar to that of BMs. To test the role of these other BM proteins at CIVICs, we knocked down their expression in the fat body ( Figures 3C and 3D ) but failed to detect an effect on intercellular adhesion or presence of Collagen IV ( Figures 3C and 3E ). This is despite the fact that BM defects were observed in those same fat bodies, namely BM disruption in Laminin and Nidogen knockdown and cell rounding due to compression in Perlecan knockdown (Figure 3C ). These data indicate that other BM components, although present at CIVICs, may not be required for CIVIC formation and inter-adipocyte adhesion. They also suggest that partially different mechanisms could intervene in the assembly of CIVICs and BMs.
Integrin Complex Proteins Function at CIVICs
To further characterize CIVICs and their cell-adhesion role, we sought to identify possible cellular receptors functioning at CIVICs. Integrins are widely regarded as major transmembrane receptors for ECM proteins. Knockdown of Integrin bPS subunit Mys, the main b subunit in Drosophila, caused disappearance of CIVICs, cell rounding, and loss of inter-adipocyte adhesion without affecting BM integrity ( Figure 4A ). Milder adhesion defects were associated with knockdown of Integrin subunits a1 (Mew) and a2 (If) ( Figure 4B ; quantified in Figure 4C ), suggesting that a1+b and a2+b Integrin heterodimers act in a partially redundant way at CIVICs. Further confirming the involvement of Integrins in CIVIC-mediated inter-adipocyte adhesion, Figure 4D ). Moreover, high-magnification images of these reporters confirmed a relation of integrin adhesion components with CIVICs ( Figure 4E ; see quantification in Figure 5E ), suggesting that CIVICs are similar to focal adhesions. Altogether, these data indicate that inter-adipocyte adhesion and maintenance of 
Integrin and Syndecan Act as Receptors at CIVICs
Syndecans are transmembrane heparan sulfate proteoglycans that have been shown to act with Integrins as ECM coreceptors in several biological contexts [15] . Knockdown of Sdc, the only Drosophila Syndecan homolog, caused cell rounding and inter-adipocyte adhesion defects ( Figure 5A ; quantified in Figure 5B ), similar to Integrins. iGFPi in flies homozygous for the Sdc.GFP-trap allele produced the same phenotype (Figure 5A) . Analysis of Sdc.GFP protein-trap localization additionally showed that Sdc was highly expressed in adipocytes, where it localized to both intercellular contacts and BM-covered surfaces ( Figure 5C ). This localization, however, was not punctate, suggesting that Sdc does not concentrate at CIVICs but is distributed throughout the entire plasma membrane ( Figures  5D and 5E ). Notably, and unlike Integrin knockdown (mys i ), Sdc knockdown did not cause adipocyte separation from the BM, as seen in confocal images ( Figure 5F ) and confirmed by the fact that abundant cells separate from the mys i tissue during dissection ( Figure 5G ). This result suggests that Sdc is Figure 2F ). Statistical comparisons with the wild-type were performed through two-tailed unpaired Student's t tests (data passed D'Agostino-Pearson's tests for normality and F tests for equal variance). Difference with the wild-type was only significant for BM-40-SPARC overexpression (****p < 0.0001; n.s., not significant).
differentially involved in CIVIC adhesion despite its general plasma membrane distribution, including BM-contacting plasma membrane. In a final test of the function of Integrin and Syndecan as receptors, overexpression in the fat body of Integrin a1+b heterodimers, Integrin a2+b heterodimers, and Sdc all produced an increase in the amount of Collagen IV present in intercellular contacts ( Figure 5H ; quantified in Figure 5I ). In all, these data indicate that Integrin and Syndecan act as ECM receptors at CIVICs.
Loss of CIVICs Causes Adipocyte Autophagy
Having found that Collagen IV, Integrin, and Sdc were required for CIVIC-mediated inter-adipocyte adhesion, we finally decided to investigate the functional consequences of the loss of adipose tissue architecture. In the course of our previous experiments disrupting CIVICs, we did not observe morphological signs of apoptosis in adipocytes such as cell fragmentation, blebbing, or loss of nuclear integrity. This strongly suggests that CIVIC disruption does not cause adipocyte anoikis, i.e., apoptosis in cells deprived of Integrin-mediated ECM contact. Nonetheless, we observed that upon strong tissue disruption (e.g., mys i and
Sdc i
), adipocytes not just became rounded but also generally smaller. We therefore decided to investigate the possibility that these cells were undergoing autophagy, which adipocytes are known to undergo in response to metamorphic hormonal signals Figure 2G . In all cases, differences with the wild-type were significant in two-tailed Mann-Whitney tests (***p < 0.001; ****p < 0.0001). (D) Localization in adipocytes of Integrin adhesion components If (Integrin a2), Rhea (Talin), and Ilk (Integrin-linked kinase), imaged by protein fusions if .YFP, rhea .mCherry, and Ilk ZCL3192 .GFP, respectively.
(E) High-magnification confocal images showing relations among Collagen IV (anti-Cg25C and Vkg.GFP) and Integrin adhesion components. See Figure 5E for colocalization analysis.
[29] and starvation [30] . To do this, we analyzed the localization of the early autophagosome marker Atg8a.mCherry and late autolysosome marker Lamp1.YFP [31] in adipocytes of larvae that had not reached the final wandering stage prior to metamorphosis, when programmed autophagy occurs in the wild-type. Knockdown of Mys or Sdc in pre-wandering larval fat body caused formation of Lamp1.YFP-containing structures larger than the normal lysosomes found in the wild-type fat body, indicating autolysosome formation ( Figure 6A ; see quantification in Figure 7E ). Knockdown of Mys or Sdc also caused formation of Atg8a.mCherry-positive autophagosomes, in contrast with the homogeneous cytoplasmic distribution of this autophagy marker in the wild-type ( Figure 6B ; see quantification in Figure 7F ). Further supporting a role of CIVICs in preventing autophagy, knockdown of Mys in clones of fat body adipocytes also triggered formation of cytoplasmic Atg8a.mCherry aggregates ( Figure S3 ). From these results, we conclude that loss of Integrin or Sdc causes induction of cellular autophagy in adipocytes.
CIVIC-Src-Akt Signaling Prevents Adipocyte Autophagy
To finally ascertain how intercellular Collagen IV influences adipocyte biology, we decided to explore possible signaling mechanisms at CIVICs. Notably, modulation of Akt activity by Pi3K is known to promote fat body growth [32] and inhibit autophagy, both developmentally programmed [29] and starvation induced [30] . In addition, a pathway connecting Integrin signaling to Akt activity through the kinase Src has been described [33] . Therefore, we sought to test the hypothesis that Integrin adhesion could regulate Akt activity in the fat body. To do this, we first stained fat body adipocytes with a phospho-specific anti-Src antibody and found P-Src signal in inter-adipocyte contacts ( Figure 7A ). This P-Src signal disappeared when we knocked down Integrin bPS Mys or Sdc, and increased when we overexpressed Src ( Figure 7A ; quantified in Figure 7B ). Moreover, simultaneous knockdown of the two Drosophila Src homologs Src42A and Src64B led to autophagy in fat body adipocytes of pre-wandering L3 larvae ( Figure 7C ; quantified in Figures 7E and 7F) , indicating a normal requirement of Src in preventing adipocyte autophagy. Src overexpression, previously reported to cause adipocyte overgrowth and resistance to starvation [34] , decreased autophagy induced by Integrin knockdown, as seen with both Atg8a.mCherry and Lamp1.YFP autophagy markers ( Figures 7C, 7E , and 7F).
Consistent with the involvement of Pi3K signaling in preventing autophagy downstream of CIVIC signaling, Pi3K overexpression also decreased autophagy induced by Integrin knockdown (Figures 7C , 7E, and 7F). In contrast, expression of constitutively active Ras V12 , also inducing adipocyte overgrowth [35] , did not suppress autophagy ( Figures 7C, 7E , and 7F). Furthermore, overexpression of Src or Pi3K also reduced autophagy induced by Collagen IV knockdown ( Figure 7G ; quantified in Figure 7H ) without preventing formation of intercellular gaps ( Figure S4 ), indicating a requirement for Collagen IV, and not just Integrin or Syndecan, in preventing autophagy. Finally, and in further support of an Integrin-Src-Pi3K-Akt pathway, western blot of fat body extracts with phospho-specific anti-Akt antibody showed decreased P-Akt levels upon Integrin bPS knockdown ( Figure 7I ). In all, our data are consistent with a model in which Integrin-mediated adhesion to CIVICs signals through Src and Akt to positively regulate cell growth and prevent autophagy ( Figure 7J ).
DISCUSSION
Collagen IV and planar BMs are widely assumed to be univocally associated in true animals. However, our study of Drosophila fat body adipocytes found Collagen-IV-containing structures that were distinct from BMs in several respects. Unlike planar BMs, fat body CIVICs are multiple, discrete, irregularly shaped structures found in between cells. CIVICs appeared as dense as BMs in electron micrographs but thicker in section, which should make their core inaccessible to cellular ECM receptors. In contrast with BMs of the larva, which incorporate their Collagen IV from the hemolymph, Collagen IV present at CIVICs is deposited at short range by the cells directly contacting them. Apart from Collagen IV, Drosophila fat body CIVICs contain the three other major ECM components associated with BMs, namely Laminin, Nidogen, and the heparan sulfate proteoglycan Perlecan. In contrast with their requirement in BMs, however, knockdown of these other components did not affect CIVIC formation or inter-adipocyte adhesion. In this regard, therefore, CIVICs are similar to the pericellular fibrotic aggregates our laboratory has previously described [36] . These aberrant aggregates, arising in conditions of plasma membrane overgrowth, were nucleated by Collagen IV but contained other BM components. The possibility exists, however, that the other BM components have functions at CIVICs that we have not identified.
Despite their irregular shape and their aggregate characteristics, our experiments knocking down Collagen IV expression or overexpressing BM-40-SPARC functionally implicated CIVICS in the maintenance of inter-adipocyte contacts. Thus, our study offers an example of a Collagen-IV-containing non-BM structure occurring in normal development and provides evidence that these structures serve a function in cellular adhesion and tissue organization. Our data show that the intercellular adhesion function of CIVICs relies on the attachment of cells to them by Integrins and Syndecan acting as cellular ECM receptors. Although Integrins are more frequently considered as Laminin receptors, Collagen IV is known to contain Integrin-binding motifs as well. In particular, 26 RGD motifs can be found in a Drosophila Collagen IV a1+a2+a1 heterotrimer (our own sequence analysis). Because overexpression of both Integrins and Syndecan notably increased the amount of Collagen IV found in between adipocytes, it is likely that CIVICs arise in a self-reinforcing manner [37] , with Collagen IV concentrating receptors and receptor concentration leading to increased Collagen IV deposition at discrete spots of the adipocyte plasma membrane.
Beyond a structural role in maintaining a non-epithelial compact tissue layer, our results importantly show that CIVICs are critical signaling centers, regulating growth and preventing autophagy of fat body adipocytes. Autophagy following loss of Integrin-mediated ECM attachment has been described previously in several cell-culture systems [38] . Even though our experiments show that Integrins mediate adhesion not just to CIVICs but also to the BM surrounding the fat body, two lines of evidence support a predominant, or perhaps exclusive, signaling role of CIVICs in preventing autophagy when compared to the BM. First is the effect of Syndecan, whose knockdown disrupts CIVIC-mediated intercellular adhesion and causes autophagy without detaching cells from the BM. Second, the concentration of phosphorylated Src in wild-type intercellular adipocyte contacts is very prominent, in contrast with BM-contacting plasma membranes. Further research is needed in order to reach molecular understanding of how similar or different BMs and CIVICs are, including differences in signaling triggered by the two structures.
In recent years, high-resolution imaging using fluorescently tagged BM proteins have uncovered a number of instances in which Collagen IV BMs partially deviate from the archetypical thin BM organization. For instance, it has been shown that Collagen IV influences formation of a Dpp/TGFb gradient in the early embryo [39] , a time when Collagen IV displays diffuse pericellular localization and a condensed BM does not exist yet. In the egg chamber, despite the BM appearing as a typical planar layer, oriented deposition of Collagen IV fibrils results in a polarized 3D microarchitecture, important in shaping the egg [40] . Indeed, it has been shown that these Collagen IV fibrils of the egg chamber BM do not form in situ but in the intercellular spaces between secreting cells [41] , similar to CIVICs. Another example of a non-planar Collagen-IV-containing structure is found in the anterior polar cells of the Drosophila egg chamber [42] . Anterior polar cells display an apical ECM cap formed by basal-to-apical transcytosis of BM components. The function of this ECM cap is unknown, but its punctate appearance is reminiscent of the adipocyte CIVICs we describe here. Besides these examples in normal development and the already-mentioned aggregates caused by plasma membrane overgrowth [36] , absence of BM-40-SPARC is known to convert the BM in an aberrantly thick fibrillar matrix [23, 43] . Finally, fibrotic deposition of heart-specific Collagen-IV-like Pericardin has been observed in flies subjected to a high-sugar diet [44] . In the context of all these studies, therefore, our work adds to an increasingly complex picture of Collagen IV ECM organization modes intermediate between the planar condensed BMs and more disordered matrices. These alternative types of structures might actually reflect evolutionary steps leading to the appearance of planarly condensed BMs in basal metazoans. It is nonetheless possible that CIVICs are, in their developmental or evolutionary origin, derived from a typical BM that has become discontinuous. In all, the above examples, together with our study of CIVICs, highlight our incomplete understanding of ECM organization and BM assembly.
It will be interesting to investigate next whether CIVICs or similar structures are found in addition to BMs in other Drosophila non-epithelial tissues. These include the lymph gland, sessile hemocyte islands of the larva, and adepithelial pool of myoblast flight muscle precursors, all of them consisting of ECM-producing mesodermal cells that remain compactly associated. Furthermore, and given the similarities between the adipocytes of flies and those of mammals, long known to produce abundant Collagen IV [45] , CIVICs or similar Collagen-IV-containing structures might have a role in maintaining compact, non-epithelial tissue organization in mammalian adipose or hepatic tissues. The signaling role of CIVICs uncovered by our experiments may provide, in addition, a model for studying the mechanoregulation of adipose biology. In this regard, it is possible to envision that changes in cell volume dictated by developmental or nutritional conditions could impact adipocyte physiology through their effect on CIVICs. Also, a possible crosstalk between Integrin adhesion and the Insulin signaling pathway, known to occur in mammalian adipose tissue, liver, and muscles [46] , should be explored in the future. Finally, Collagen IV aggregates and signals triggered by them could be relevant to human fibrotic conditions and particular diseases such as multiple sclerosis, where brain lesions associate with compact parenchymal deposits of Collagen IV [47] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Standard fly husbandry techniques and genetic methodologies were used to assess segregation of mutations and transgenes in the progeny of crosses, construct intermediate fly lines and obtain animals of the required genotypes for each experiment [48] . Fat bodies from non-wandering late L3 larvae, dissected from males or females indistinctly, were used to assess results of experiments. The GAL4-UAS binary expression system was used to drive expression of UAS transgenes. Flies were grown at 25 C unless otherwise stated.
METHOD DETAILS
Fly genetics
For generation of flip-out clones [49] (Figure 1F ), vials containing L2 larvae were heat-shocked at 37 C for 7 min. For experiments using the GAL80 ts thermosensitive GAL4 repressor (Figures 2C-2E ; Figure S2 ), cultures were maintained for six days at 18 C after egg laying to avoid lethality caused by embryonic knockdown of Collagen IV, followed by transfer of cultures to 30 C (L2 stage) and dissection two days later (L3 stage). For generation of clones ( Figure S3 ), vials were heat shocked at 37 C for 1 hr 0-24 hr after egg laying. Genotypes of animals in all experiments are detailed in Table S1 .
In 638 .sGFP are not protein traps generated from the endogenous loci, but from transgenic fosmids containing an extra copy of the gene to which a C-terminal sGFP exon has been added [50] . LanB1.sGFP and Ndg.sGFP are functional on account of their ability to rescue LanB1 [50] and Ndg mutants (not shown). mys.sGFP fTRG.932 (Integrin b) fosmid reporter was unable to rescue lethality of mys mutants (mys M2 and mys G4 ) and therefore was not used in this study.
Transmission electron microscopy
Ultrathin sections of larval fat body were obtained following standard procedures. Briefly, larvae were turned inside-out with fine tip forceps to dissect fat body. Once fixed in 2.5% gluteraldehyde, fat body was postfixed in 1% osmium tetroxide before dehydration and embedding in Epon resin. Ultrathin sections were stained in 2% uranyl acetate/lead citrate and imaged in a Hitachi H-7650B microscope.
For immuno-EM staining of CIVICs, larvae were turned inside-out, fixed in 4% PFA for 20 min, washed in PBS (3 3 10 min), then blocked in 0.1% PBT-BSA (3 3 20 min), incubated overnight at 4 C in polyclonal rabbit anti-GFP primary antibody (1:200, Easybio), washed in 0.1% PBT-BSA (3 3 20 min), incubated for 2 hr in HRP-conjugated anti-rabbit IgG secondary antibody (1:1000, Abmart), washed in PBT-BSA (3 3 20 min) and PBS (3 3 10 min). DAB staining reaction of antibody-incubated samples was performed on ice using freshly made DAB reaction mixture avoiding light exposure (0.05% DAB in ice-cold PBS, filtrated with a 0.45 mm pore size filter syringe, then mixed gently with H 2 O 2 1:20,000). Samples were incubated in the DAB reaction mixture in a rocker at 4 C for 8-10 min under cover from light until brown-black staining was visible, then transferred into PBS to stop DAB reaction. After 3 washes in PBS (3 3 10 min), further fixation was conducted as per standard TEM procedures: 2.5% Glutaraldehyde (2 hr, 4 C), postfixation in 1% Osmium tetroxide (2 hr, 4 C), followed by dehydration and embedding in Epon resin. To improve identification of DAB deposits, ultrathin sections were not post-contrasted.
Imaging and image analysis
Confocal microscopy images were acquired in a Zeiss LSM780 microscope equipped with a Plan-Apochromat 63X oil objective (NA 1.4). Fat body was dissected from L3 larvae and mounted in DAPI-Vectashield (Vector Labs). For 3D reconstruction of fat body adipocytes ( Figure 1C'; Figure S2 ), Z stacks were processed with ZEN software. The image of an L3 larva in Figure 1A was obtained in a Leica MZ10F stereomiscrocope. Images of dissected fat body ( Figure 5G ) were obtained in a Leica M205FA stereomicroscope.
For quantification of BM and CIVIC thickness ( Figure S1 ), TEM images were analyzed with FIJI-ImageJ. Line tool was used for measuring BM thickness (each data point represents BM thickness in one image). For CIVICs, the perimeter of the structure was drawn with the Polygon tool and thickness was assessed as the minor axis of the ellipse resulting from applying the ellipse fit function to the drawn polygon. Each data point represents one CIVIC.
For quantification of bicellular and tricellular gaps ( Figures 2G, 4C, and 5B), scored images were acquired in a Zeiss Axio Imager.D2 microscope equipped with a Plan-Apo 40X air objective (NA 0.95). Images used contained 20 to 54 cells each (24 to 65 potential tricellular junctions and 47 to 108 potential bicellular junctions). Each data point represents the percentage of gaps calculated in one such image.
For quantification of Vkg.GFP at intercellular contacts, fluorescence intensity was measured in 63X confocal images. Photoshop was used to delimit and measure signal intensity in a region of interest (ROI) containing all intercellular contacts in one image traced with a 50 px diameter (3.3 mm) circular solid brush. Each data point represents Vkg.GFP intensity in one image normalized by the sum of the lengths of all intercellular contacts in that same image, measured with Line tool in FIJI-ImageJ.
For colocalization analysis ( Figures 3B and 5E ), Photoshop was used to delimit with a 50 px diameter (3.3 mm) brush an ROI containing all intercellular contacts in 63x confocal images. Pearson's correlation coefficients after automated Costes thresholding (R coloc) were calculated with the FIJI-ImageJ plugin Colocalization Threshold. Each data point represents one image.
For quantification of P-src staining ( Figure 7A ), fluorescence intensity was measured in 63X confocal images. Photoshop was used to delimit and measure signal intensity in an ROI containing all intercellular contacts in one image traced with a 50 px diameter (3.3 mm) brush. Each data point represents Vkg.GFP intensity in one image normalized by the ROI area.
For quantification of autophagy marker Lamp1.YFP ( Figure 7E ), signal intensity was measured in a 63X confocal image using Photoshop. Each data point represents quantification in a single image normalized by tissue area in that image.
For quantification of autophagy marker Atg8a.mCh ( Figures 7F and 7H ), the number of Atg8a.mCh-containing punctae was counted in cells of 63X confocal images. Each data point represents autophagosome number in one cell normalized by cell area. 
Immunohistochemistry
Western blotting
Fat body from 50-80 larvae was dissected in ice-cold PBS and homogenized with a motorized pellet pestle in 100 mL ice-cold lysis buffer containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40), phosphatase inhibitor (Solarbio, 1:100) and protease inhibitor (Amresco, 1:100). Lysates were cleared by centrifugation (20,000 g for 30 min at 4 C) and supernatants transferred to pre-cooled Eppendorf tubes. Protein concentration was estimated by BCA assay with a Nanodrop 2000C spectrophotometer. Eluted protein samples were reduced by boiling in mercaptoethanol for 5 min at 95 C, separated in a 10% SDS-PAGE gel (25 mL per lane) and electrophoretically transferred onto a nitrocellulose membrane using a wet transfer system. Membranes were then blocked with 5% BSA in TBST (tris-buffered saline, 0.5% Tween 20), incubated with primary antibody overnight, washed with TBST (4 3 10min), incubated with HRP-coupled secondary antibody and washed with TBST (4x 10min). Secondary antibodies were detected through autoradiography using ECL Plus chemiluminescence (Pierce). Primary antibodies were rabbit polyconal anti-phospho-Drosophila Akt (Ser505) (1:1000, Cell Signaling Technology) and mouse anti-b-actin (1:2,000, CMCTAG). Secondary antibodies were HRP-conjugated anti-mouse IgG (1:20,000, Abmart) and anti-rabbit IgG (1:20,000, Abmart). Precision Plus Protein Dual Color Standards (Bio-Rad) was used as a molecular mass marker.
QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism software was used for graphic representation and statistical analysis. Horizontal lines represent mean values in all graphs. For statistical comparisons of Vkg.GFP intensity at CIVICs in Figure 3E , two-tailed unpaired Student's t tests were used (data passed D'Agostino & Pearson normality tests and F-tests for equal variance). In all other statistical comparisons, twotailed non-parametric Mann-Whitney tests were used. Statistical tests and significance levels are indicated in each figure legend. Significance of statistical tests is reported in graphs as follows: **** (p < 0.0001), *** (p < 0.001), ** (p < 0.01), * (p < 0.05), n.s. (p > 0.05).
